The control mechanism of the anteroposterior axis specification in Xenopus epidermis was studied by comparing the expression of a novel anterior marker, Xepsin, with that of a panepidermal marker, type I keratin. Xepsin mRNA, which encodes a novel Xenopus serine protease, is transcribed zygotically with the expression peak in neurula stages. In normal development, its expression is limited to the anterior and anterior-dorsal portions within epidermis during neurula and tailbud stages, respectively. In UV-irradiated ventralized embryos (dorsoanterior index, DAI 0 and 1), an expression boundary for Xepsin is apparently formed within the epidermis. In contrast, Xepsin expression was observed throughout the epidermis in LiCl-treated dorsalized embryos (DAI 10), as seen from an expression pattern indistinguishable from that of type I keratin. These data suggest that posteriorizing signals which suppress the transcription of Xepsin are present in nonaxial regions and absent in the anterior dorsal mesoderm. That posteriorizing signals were present in nonaxial regions was also supported by a conjugation experiment in which Xepsin expression was suppressed in ectodermal explants conjugated with lateral or ventral marginal zone. Moreover, the partly suppressed expression of Xepsin in the epidermal region of exogastrulae indicates that the signals may travel horizontally within the plane of the epidermis. We also present data showing that both treatment with retinoic acid and the overexpression of a constitutively active form of a retinoic acid receptor caused the suppression of Xepsin mRNA transcription, suggesting that anterior-posterior patterning in the central nervous system and in the epidermis may share common endogenous factors, i.e., retinoids, in the Xenopus embryo.
INTRODUCTION
Although the mechanism of anterior-posterior (A-P) specification during vertebrate embryogenesis has been studied intensively, it remains a controversial issue for embryologists. In many cases, attention has been devoted to the mechanisms underlying the progressive determination of the A-P pattern in the central nervous system as a matter of primary concern. In amphibian embryos, the fate of neural cells is hypothetically determined by two main, separate steps: an initial activation of neural determination and a later anteroposterior transformation (reviewed in Slack and Tannahill, 1992) . Based on the results of several early experiments (Nieuwkoop, 1952; reviewed in Doniach, 1993) , the signal for transformation was thought to be a gradient of posteriorizing factors emanating from the posterior region in Spemann's organizer (dorsal mesoderm). Indeed, each neural inducer identified in Xenopus embryos, i.e., Follistatin, Noggin, and Chordin, can induce only anterior neural tissues (reviewed in Sasai and De Robertis, 1997) . In addition, the A-P gradients of biologically active retinoids (Chen et al., 1994) and a retinoic acid receptor (Ellinger-Ziegelbauer and Dreyer, 1991) , candidate posteriorizing factors and one of their receptors, were reported in the dorsal mesoderm of Xenopus embryos. More recently, however, there have been several contradicting observations indicating that the transformation signals for neuro-ectoderms may arise from nonaxial regions in mouse, chick, fish, and Xenopus embryos (Ang and Rossant, 1994; Shih and Fraser, 1996; Woo and Fraser, 1997; Muhr et al., 1997; Bang et al., 1997; Koshida et al., 1998; Gould et al., 1998) .
There are only a few reports concerning the A-P axis specification in nonneural ectoderm (von Bubnoff et al., 1995; Kolm and Sive, 1995; Read et al., 1998) . This is partly because the epidermis has neither discernible segmental structures nor distinguishable histological characters along the A-P axis, and there are no epidermis-specific regional markers. This can be traced to the fact that most of the studies of A-P patterning in the ectoderm, especially the early amphibian experiments, focused on the specification in the neuroectoderm and were carried out under the influence of the dorsal mesoderm, which was necessary for the initial activation step for the establishment of neural cell fate.
In the present investigation, the A-P axis specification in Xenopus epidermis was studied. We isolated, characterized, and used a novel anterior marker, Xepsin, which is the first gene showing both epidermis-specific and biased expression along an A-P axis. We are interested in the question of whether Xenopus epidermis is anteroposteriorly specified in the same manner as the neuroectoderm. Do posteriorizing signals for the epidermis also emanate from the dorsal mesoderm or other nonaxial regions? Is a common posteriorizing mechanism found in both ectodermal lineages, neural and epidermis, in the embryo?
It seems unlikely that the dorsal mesoderm is the only responsive region for the A-P specification of epidermal ectoderm, judging from the poor geometrical relationship between the prospective epidermal region and the dorsal mesoderm. Indeed, we observed an expression boundary for Xepsin even in UV-irradiated ventralized embryos, in which the formation of the dorsal mesoderm is thought to be completely suppressed. In contrast, Xepsin expression was observed throughout the epidermis in LiCl-treated dorsalized embryos. Together with the results from a conjugation experiment, these data suggest the presence of posteriorizing signals that suppress Xepsin expression in nonaxial regions and the absence of such signals in the anterior dorsal mesoderm. We also present data showing that both treatment with retinoic acid (RA) and the overexpression of a constitutively active form of a retinoic acid receptor (RAR) caused the suppression of Xepsin mRNA transcription. These findings are discussed with respect to the possibility of a common mechanism which confers caudal characters on both the neural and the epidermal ectoderm in Xenopus embryos.
MATERIALS AND METHODS
Embryos and explants. Eggs were obtained from female Xenopus laevis injected with human chorionic gonadotropin and were fertilized in vitro with testes homogenates. Embryos were dejellied in 1.8% cysteine-HCl (pH 8.0). They were cultured in 0.2ϫ MMR (1ϫ MMR is 100 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 5 mM Hepes, pH 7.4). Staging was done according to Nieuwkoop and Faber (1994) . UV-irradiated ventralized embryos were obtained by irradiating vegetal poles of dejellied embryos approximately 35-40 min after fertilization at a distance of 2 cm for 45 and 90 s with a hand-held UV source (UVGL-25, Funakoshi, Tokyo, Japan), according to the method of Scharf and Gerhart (1980) . Dorsalized embryos were obtained by treating 32-cell-stage embryos in 0.3 M LiCl in 1ϫ MMR for 10 min (Kao and Elinson, 1988) . The dorsoanterior index (DAI) of each embryo was determined according to the criteria described by Kao and Elinson (1988) . Exogastrulae were generated as described by Ruiz i Altaba (1992) by incubating early blastula embryos in 1.3ϫ MMR on a bed of 1.5% agarose after removing the vitelline membrane manually. In conjugation experiments, animal caps, dorsal marginal zones (DMZs), lateral marginal zones (LMZs), ventral marginal zones (VMZs), and endodermal explants were dissected from early gastrula embryos (stage 10.25) as shown Fig. 5A . These explants were cultured, either alone or as conjugates with animal caps, in 1ϫ MMR containing 25 g/ml gentamycin on a bed of 1.5% agarose until sibling control embryos reached stage 15.
Isolation and characterization of Xepsin cDNA. A polymerase chain reaction (PCR) fragment of Xepsin was initially isolated from cDNAs synthesized using neurula RNA as a template. The sequence of degenerate PCR primers deduced from the conserved peptide sequences within the catalytic domain of serine protease family members were forward, 5Ј-
Forty cycles of amplification yielded products with slightly varying lengths of approximately 400 bp. Amplified fragments were cloned into the vector pGEM-T (Promega, Madison, WI) and sequenced.
To isolate full-length Xepsin cDNA, we constructed a Xenopus neurula cDNA library using the ZAP-cDNA synthesis kit (Stratagene, La Jolla, CA); 5 ϫ 10 4 plaques were screened using randomprimed DNA probes made from the BamHI-EcoRI Xepsin PCR fragment. Four of 11 independent positive phage clones were isolated. Their cDNA inserts were rescued as pBluescript SK(Ϫ) plasmids by helper-phage-mediated in vivo excision, as described by the manufacturer (Stratagene). The clone with the longest insert was fully sequenced on both strands and was found to contain a single long open reading frame that started with an ATG and terminated with a stop codon. The accession number for the Xepsin sequence is AB018694.
Whole-mount in situ hybridization. Antisense RNA probes were prepared by the in vitro transcription of linearlized template plasmids in the presence of digoxigenin-11-UTP (Boehringer Mannheim, Mannheim, Germany) or fluorescein-12-UTP (Boehringer Mannheim). A cDNA fragment of epidermal type I keratin (Jonas et al., 1985) was obtained by reverse transcription (RT)-PCR amplification using the following primers: forward, 5Ј-GGAATTC-CTATAGGTCCAGCTCTG-3Ј; reverse, 5Ј-CGGGATCCTCCTC-GACAATGGTCTTT-3Ј. The product was cloned into the EcoRI and XhoI sites of pGEM3Zf(Ϫ) vector (Promega). An antisense keratin probe was transcribed using SP6 polymerase from an EcoRI-linearized template plasmid. An antisense Xepsin RNA probe was transcribed using T7 polymerase from EcoRI-linearized pBluescript SK(Ϫ) containing full-length Xepsin cDNA. Wholemount in situ hybridization was performed on staged albino and pigmented embryos as described by Harland (1991) . The AP substrate BM purple (Boehringer Mannheim) was used instead of BCIP/NBT. After color development, embryos were bleached by overnight immersion in 10% hydrogen peroxide/70% methanol. For double in situ hybridization, a digoxigenin-labeled keratin probe and fluorescein-labeled Xepsin probe were used and visualized successively. The keratin probe was detected by alkaline phosphatase-conjugated anti-digoxigenin antibody using 5-bromo-6-chloro-3-indolyl phosphate p-toluidine salt (Molecular Probes, Eugene OR) as a substrate. After inactivating the first alkaline phosphatase, the second fluorescein-labeled probe was detected using BM purple as a substrate for alkaline phosphatase-conjugated anti-fluorescein antibody. Some stained embryos were dehydrated in ethanol, embedded in paraffin, and cut into 7-m sections.
RT-PCR analysis. Total RNA was isolated, and RT-PCR analyses were performed as described elsewhere (Takabatake et al., 1996) with the following PCR conditions: 95°C for 5 min, followed by a variable number of cycles (found to be in the linear range for each primer pair from the radioactivity levels in the products on different cycles) at 95°C for 1 min, 42°C for 40 s, 72°C for 2 min, and 72°C for 5 min. The primer sequences were as follows: Xepsin forward 5Ј-TCTGCCCCTGACAATTCTAC-3Ј, reverse 5Ј-GCT-GAAATCAGGGATGTAGC-3Ј; ornithine decarboxylase (ODC) forward 5Ј-GTCAATGATGGAGTGTATGGATC-3Ј, reverse 5Ј-TCCATTCCGCTCTCCTGAGCAC-3Ј (Bassez et al., 1990) ; epidermal keratin forward 5Ј-CACCAGAACACAGAGTAC-3Ј, reverse 5Ј-CAACCTTCCCATCAACCA-3Ј (Jonas et al., 1985) ; Xnot forward 5Ј-ATACATGGTTGGCACTGA-3Ј, reverse 5Ј-CTCCTA-CAGTTCCACATC-3Ј (von Dassow et al., 1993) ; Xvent-1 forward 5Ј-TTCCCTTCAGCATGGTTCAAC-3Ј, reverse 5Ј-GCATCTC-CTTGGCATATTTGG-3Ј (Gawantka et al., 1995) ; and Xsox17␤ forward 5Ј-GTCATGGTAGGAGAGAAC-3Ј, reverse 5Ј-TCTGT-TTAGCCATCACTGG-3Ј (Hudson et al., 1997) . The primers for EF1-␣ were the same as those reported by Sone et al. (1997) . The primers for muscle actin and N-CAM were the same as described previously (Hemmati-Brivanlou and Melton, 1994) . The PCR cycle numbers were Xepsin, 27 cycles except for Fig. 1 (24 cycles) ; ODC, 18 cycles; EF1-␣, 19 cycles; Xnot, 24 cycles; Xvent-1, 24 cycles; Xsox17␤, 25 cycles; NCAM, 23 cycles; epidermal keratin, 16 cycles; and muscle actin, 22 cycles. The resulting products were separated by electrophoresis in 9% acrylamide gels. Radioactivity levels in each product were estimated using a laser image analyzer (Fuji BAS2000, Fuji Film, Tokyo, Japan). Gels were also exposed to Fuji RX film. Each experiment was conducted at least twice with similar results.
Exogenous RA treatment in animal caps and whole embryos. All-trans-RA (Sigma Chemical, St. Louis, MO) was diluted from a 10 Ϫ2 M stock of RA in dimethyl sulfoxide (DMSO). Animal caps were dissected from early gastrula (stage 10) embryos and cultured with different concentrations of RA in 1ϫ MMR containing 25 g/ml gentamycin on a bed of 1.5% agarose until sibling control embryos reached stage 20. Whole embryos were treated with or without RA in 0.2ϫ MMR. The solvent controls contained only DMSO at the same concentration as in 10 Ϫ5 MRA. mRNA microinjection into embryos. The constitutively active form and the dominant negative mutant form of xRAR␣1 constructs were generous gifts from Dr. Bruce Blumberg. Capped mRNAs were transcribed from NotI-linearized plasmids using T7 RNA polymerase. In both cases, 1 ng of mRNA was injected unilaterally into two-cell embryos using a pressure-pulsed Eppendorf microinjector 5242. The embryos were allowed to develop until stage 17 before fixation. Texas red dextran (TRDX) (10,000 W, lysine fixable; Molecular Probes) was used as a cell lineage marker at 0.5-1% without any hazardous effect on the embryos.
RESULTS

Cloning and Sequencing of the Xepsin cDNA
Xepsin cDNA was isolated while screening the novel serine protease genes expressed in early Xenopus embryos. We performed RT-PCR amplifications of blastula-, gastrula-, and neurula-stage cDNAs using degenerate primers that correspond to the V(V/L)TAAHC and the CQGDSGG portions of the conserved catalytic domains in serine protease family members (Furie et al., 1982) . Amplified products of the appropriate size (about 400 bp) were cloned and sequenced. Sequence analyses revealed that five kinds of fragments with serine protease-like domains were obtained. From a database analysis, one of the fragments appeared to encode a known serine protease, Xenopus complement factor I C3b/C4b (Kunnath-Muglia et al., 1993) . We examined the temporal and spatial expressions of each transcript of the remaining four fragments during early embryogenesis by RT-PCR and whole-mount in situ hybridization. While these fragments showed characteristic temporal expression changes, clear localization could be observed for only one fragment, which we focused on in this paper. This fragment was designated Xepsin from its epidermis-specific expression and potential as a serine protease, as described below. Full-length Xepsin cDNA was screened from a neurula cDNA library using PCR-generated Xepsin cDNA fragments as a probe. A sequence analysis of the cDNA revealed the existence of a single long open reading frame for a protein of 389 amino acids (Fig. 1) .
The predicted amino acid sequence indicates that the Xepsin protein has the potential to be secreted. Our analysis of the Xepsin protein using the Kyte and Doolittle (1982) method demonstrated a highly hydrophobic region near the N-terminus of the protein, which may be a signal sequence as seen in secreted and membrane-anchored proteins. Since Xepsin has no other significant hydrophobic regions, it is not likely a transmembrane protein. The most likely site for the cleavage of a signal peptide is between residues 23 and 24 according to the (Ϫ3,Ϫ1) rule of von Heijne (1986) .
The catalytic domain of Xepsin protein has only about 30 -45% amino acid identity with other serine proteases in the database examined, indicating that Xepsin is a novel serine protease. Many serine proteases are synthesized as inactive precursor proteins (zymogens) and have varying amino-terminal extension lengths. They are activated by proteolytic cleavage just before the conserved amino acid stretch Ile-Val-Gly-Gly (reviewed in Furie and Furie, 1988) . Since Xepsin protein also has this conserved sequence, it may be activated after the proteolytic cleavage. The highly conserved amino acid residues forming the catalytic triad (Hartley, 1970) are completely conserved in the Xepsin protein (His 66 , Asp 114 , and Ser 219 ), strongly suggesting that it has proteolytic activity. In addition, three key residues lining the substrate-binding pocket, which determine the substrate specificity of trypsin (Hartley, 1970) , are also conserved in the protease domain of Xepsin suggesting that the Xepsin protein is a trypsin-type protease that cleaves the substrate after lysine and arginine (Fig. 1) . The six cysteines that form disulfide bonds within the protease domains in other serine proteases (DeLotto and Spierer, 1986; Chasan and Anderson, 1989) are also found at corresponding positions in the Xepsin protein.
Expression Pattern of Xepsin in Normal Development
The temporal expression of Xepsin was analyzed by RT-PCR. As shown in Fig. 2 , Xepsin transcription is first 
FIG. 2. Temporal expression of Xepsin gene during early Xenopus development analyzed using reverse transcriptase-PCR (RT-PCR).
Total RNAs (0.4 g) were used as templates to generate first-strand cDNA. Radiolabeled Xepsin and ODC sequences were amplified from first-strand cDNA and separated on polyacrylamide gels. detected at stage 12.5 (late gastrula) and peaks during neurulation. In another experiment, weak expression of Xepsin was detected from stage 10 early gastrula (data not shown). It decreased afterward until becoming undetectable after stage 36. The spatial expression pattern was also analyzed, using whole-mount in situ hybridization. The hybridization signal was undetectable in gastrula embryos, which was probably due to the very low expression there. In a stage 15 early neurula embryo, the signal was localized in the anterior half region of the prospective epidermis, but not in the neural plate (Figs. 3A and 3B). As the neural folds closed during neurulation, the expression was confined within more anterior-dorsal regions of the epidermal ectoderm (compare Figs. 3A and 3C ). At stages 20 and 27, the most prominent domain of Xepsin expression was in the most anterior region (Figs. 3C and 3E ). It seems likely that the signal intensity is gradually decreased along the A-P axis with no clear expression boundary. In addition, the expression in the dorsal epidermis overlying the neural tube and the somites extended more posteriorly than that in the ventral region (Figs. 3D and 3F ). By sectioning stained embryos after whole-mount in situ hybridization, we confirmed that the expression is found only in the epidermis and not in any other regions (Figs. 3G and 3H ). In the epidermis, the signal was detected mainly in the outer epithelial layer rather than in the inner sensorial layer. As shown in the parasagittal section of a stage 22 embryo presented in Fig. 3I , Xepsin was not expressed in the cement gland, which is one of the most anterior nonneural and nonepidermal tissues. This also demonstrates the specificity of Xepsin expression in the epidermis. Xepsin expression was also nearly or completely absent from the midline of the most dorsal region of the epidermis that is clearly visible in the more posterior regions (indicated by arrowheads in Figs. 3D, 3F , and 3H). In light of these expression patterns, we speculated that the Xepsin expression is primarily under the control of an A-P specification mechanism in the epidermis and could be used as an anterior marker there.
Xepsin Expression in Axis-Perturbed Embryos
During gastrulation, dorsal regions of the presumptive ectoderm differentiate into neural tissues by receiving neural-inducing signals from the dorsal mesoderm. Ventral regions that do not receive such signals give rise to the epidermis, suggesting that the early differentiation of the epidermis is free from the influence of the dorsal mesoderm. Classical experiments demonstrated that the A-P pattern of neural tissue in amphibian embryos is specified by signals emanating from the dorsal mesoderm (reviewed in Slack and Tannahill, 1992) . We investigated how the A-P specification in the epidermis is achieved.
We began exploring this problem by comparing the expression of Xepsin RNA with that of a panepidermal marker, keratin, in axis-perturbed embryos. We used an epidermal type I cytokeratin XK81, which is transcribed predominantly in the epithelial layer of the epidermis (Jamrich et al., 1987) . The UV irradiation of the vegetal pole of fertilized eggs resulted in ventralized embryos. In the ventralized embryos with no axial structures (DAI of 0), Xepsin was expressed in a radially symmetrical pattern, with widespread staining across the epidermis except around the blastopore, whereas keratin was expressed on all of the surfaces of the embryos (Figs. 4C and 4D ). The absence of the expression of Xepsin, but not of keratin, around the blastopore indicates the existence of posteriorizing signals even in axis-deficient embryos. The Xepsin expression in the DAI 1 embryos with little dorsal structure was localized more narrowly in the anterior-dorsal region than it was in the normal embryos and the ventralized embryos with a DAI of 0 (Figs. 4A, 4C , and 4F). Similar results were also obtained in embryos with a DAI of 2 (data not shown).
The lithium-treated embryos were severely dorsalized, with a DAI of 10. In such embryos, nonorganizer mesoderm is thought to be converted to organizer mesoderm (Kao and Elinson, 1988) . We could find no difference between the Xepsin and keratin expression patterns in cases where the proboscis, containing the notochord, extended inward (Figs. 4G and 4H) or outward (data not shown). Expression was detected over most of the surface, but not in the surrounding region of the blastopore where circular neural plate and cement gland tissue are reportedly formed (Breckenridge et al., 1987; Kao and Elinson, 1988; Klein and Moody, 1989) .
We examined the expression of Xepsin in exogastrulae. The mesoderm does not involute under the ectoderm, but rather extend outwardly in exogastrulae. In such embryos, a general neural marker, N-CAM, is expressed primarily at the junction between the ectodermal half and the mesodermal/endodermal half, with a lower expression level in the internal portion of the ectodermal half (Kintner and Melton, 1987) . The epidermal keratin is found on the entire surface as well as in some internal regions of the ectodermal half (Kintner and Melton, 1987) . Some neural-specific genes are also reported to be expressed in the correct A-P order (Ruiz i Altaba, 1992). In such embryos, Xepsin is expressed within more anteriorly confined regions (i.e., regions distal to the mesodermal/endodermal half) than keratin (Figs.  4I-4K ). This suggests that the epidermal ectoderm is specified on the A-P axis even in exogastrulae.
Xepsin Expression in Conjugates
The patterns of Xepsin expression in ventralized embryos suggest the presence of posteriorizing signals that suppress Xepsin expression in nonaxial regions. To examine the tissues which influence Xepsin expression more directly, we combined ectodermal explants with pieces of DMZ, LMZ, VMZ, or endoderm. All tissues were excised in early gastrula (stage 10.25). Animal caps and the conjugates were cultured until sibling control embryos reached stage 15, and the expression levels of Xepsin and keratin in the explants were analyzed by RT-PCR (Fig. 5B) . Each level of expression in two separate experiments was quantified and Xepsin expression, normalized by keratin, is presented as a histogram in Fig. 5C . As seen in Fig. 5B , Xepsin was expressed in the untreated control caps, indicating that the expression of Xepsin was activated autonomously in the ectoderm. In all combinations of conjugates, Xepsin expression was depressed to a greater or lesser extent than in the control caps. The most prominent suppression was observed in the conjugates with VMZ. In the conjugates with DMZ, the keratin expression was also significantly downregulated, probably due to the induction of neural tissues at the expense of epidermal differentiation. Judging from the data in Fig. 5C , Xepsin expression normalized by keratin was about 2.5 times higher in the conjugates with DMZ than in the control caps. This suggests that DMZ and/or induced neural tissues may contain signal(s) that strengthen the Xepsin expression in the remaining epidermal regions.
Retinoic Acid Can Repress Xepsin Expression
RA can alter the A-P axis of the embryo and is a possible posteriorizing signal (reviewed in Sasai and De Robertis, 1997) . Exogenous RA suppresses the expression of some anterior-specific genes (e.g., the cement gland-specific genes XCG-1 and XAG-1) (Sive et al., 1990; Sive and Cheng, 1991) and increases the expression of posterior-specific genes (e.g., the hox genes Hoxa1 and Hoxb1) (reviewed in Armstrong et al., 1992; Conlon and Rossant, 1992) . We thus investigated whether Xepsin expression was regulated by RA. We analyzed Xepsin expression in embryos treated with alltrans-RA by whole-mount in situ hybridization. Embryos were treated for 1.5 h at stages 9 -10 with an all-trans-RA concentration of 10 Ϫ6 M and were fixed when control embryos reached stage 27. Embryos treated under this condition (Fig. 6A, bottom) showed a significant decrease in Xepsin expression compared with control embryos (Fig. 6A,  top) . We next examined whether Xepsin expression could also be suppressed by RA treatment in animal caps. Animal caps were isolated from stage 10 embryos and treated with 10 Ϫ5 , 10 Ϫ6 , or 10 Ϫ7 M all-trans-RA. Caps were harvested when control embryos reached stage 20 and assessed for Xepsin expression by RT-PCR. The results are shown in Fig.  6B . Each level of expression was quantified (Fig. 6C ). In the animal caps treated with RA, the expression was decreased in a concentration-dependent fashion. The lowest dose of RA maximum suppression of Xepsin was 10 Ϫ6 M, at which level Xepsin expression was suppressed in embryos as well (Fig. 6A, bottom) . It is reported that RA inhibits epidermal differentiation (Fuchs and Green, 1981) and decreases the epidermal keratin expression in Xenopus animal caps (Read et al., 1998) . Our present data, however, show that RA causes no significant suppressions of epidermal keratin expression, which agrees with the findings of Sive et al. (1990) . An RT-PCR analysis of embryos with or without RA treatment confirmed that Xepsin expression was decreased in RA-treated embryos, as seen in Fig. 6A . These data clearly demonstrate that exogenous RA suppresses the Xepsin expression in vitro.
Constitutively Active, but Not Dominant Negative, RAR␣1 Disturbs the Expression Pattern of Xepsin in Vivo
To evaluate the role of RA in the A-P specification of epidermis in vivo, we microinjected two forms of RAR␣ unilaterally into two-cell-stage embryos and analyzed the Xepsin expression. We used the constitutively active and the dominant negative forms of Xenopus RAR␣1 (xRAR␣1) constructed by Blumberg et al. (1997) , in which the A-P neural patterning is significantly affected unilaterally on the side injected with these mRNAs. We coinjected Texas red as a lineage tracer and selected embryos containing the tracer unilaterally when they reached stage 17. The expression of Xepsin was compared between the injected side and the control, uninjected side. Consistent with the results shown in Fig. 6 , the increased xRAR␣1 signaling on the injected side caused an apparent frontward shift of the Xepsin expression boundary in 9 of 44 embryos injected with 1 ng of constitutively active xRAR␣1 mRNA ( Fig. 7A ; Fig 7D shows the lineage tracer in the same embryo). In a positive control experiment using an RA-susceptible neural marker, two Krox-20 stripes which normally mark rhombomeres 3 and 5 also showed frontward shifts in 6 of 10 embryos (data not shown). We suspect that the relatively low incidence of a clear shift in Xepsin expression may be due to its indistinct expression boundary. In a similar experiment with 5 ng of mRNA, an apparent frontward shift was observed in 9 of 12 injected embryos (data not shown), suggesting that activated RAR has a dosedependent effect. In contrast, we did not detect any significant changes in Xepsin expression in 37 embryos injected unilaterally with mRNA of the dominant negative receptor ( Fig. 7B; Fig. 7E shows the lineage tracer in the same embryo), even when the stainings were inspected from the The expression of Xepsin and other marker genes in conjugates were analyzed by RT-PCR. Total RNAs from one explant equivalent, one conjugate equivalent, or one embryo equivalent were used as templates to generate first-strand cDNA. Epidermal keratin (Epid. Ker.) is specific for epidermis. NCAM is a neural-specific marker. Xnot is a dorsal mesoderm markers. Xvent-1 is expressed in the ventrolateral mesoderm. Xsox17␤ is a endodermal marker. EF1-␣ was used as RT-PCR control for RNA recovery. ϪRT, sibling control embryo without reverse transcriptase. (C) Radioactivity level of each Xepsin band in B was measured with a laser image analyzer. The Xepsin expression, normalized by the epidermal keratin, is presented as a histogram. One-hundred percent expression of Xepsin was defined as the level seen in animal cap alone. ventral side (data not shown). In the positive control experiments on embryos injected with the dominant negative mRNA, two Krox-20 stripes show rearward shifts on the injected side in 7 of 16 embryos (Fig. 7C) . This is one of the typical alteration in embryos injected with the dominant negative xRAR␣1 (B. Blumberg, personal communication). The untreated embryo is shown in Fig. 7F . Based on these data, we conclude that the RA signaling through RAR␣1 is sufficient to inhibit the expression of Xepsin but is not necessary for its normal expression.
DISCUSSION
Control Mechanisms of Xepsin Expression
We describe the isolation of a novel serine protease gene, Xepsin, which is the first gene showing a localized and epidermis-specific expression in early embryos. Xepsin exhibits a simple anterior localization until the midneurula stages. This indicates that the expression of Xepsin is likely to be regulated by posteriorizing signals. In this paper, we focused on this anterior localization and analyzed the mechanism for the posteriorization in the epidermis by using Xepsin expression as an anterior marker of epidermis. In tailbud embryos, however, there is a more complex expression in the anterior and dorsal regions, which cannot be explained by posteriorizing signals only. It is plausible that Xepsin expression is influenced by other localized signals along the dorsoventral axis. The result that the expression level of Xepsin relative to keratin in the animal cap/DMZ conjugates was higher than in the control caps, suggesting that some signals which activate Xepsin expression may be present in DMZ and/or neural tissues. Another possibility is that the dorsally localized Xepsin expression is caused by suppression in the ventral part of the embryo. We observed more prominent confinement of Xepsin expression in DAI 1 embryos than in the most ventralized DAI 0 embryos. Some additional suppressing influence on ventral signals, which is dependent on some aspect of dorsal axis formation, must be present at DAI 1 that is absent at DAI 0. Such an influence may be responsible for the ventral exclusion of Xepsin expression at later stages.
Source of the Posteriorizing Signals for Epidermis
The clear expression boundary of Xepsin observed in UV-irradiated ventralized (DAI 0) embryos, in which the formation of the dorsal mesoderm is thought to be completely suppressed (Kao and Elinson, 1988) , suggested the presence of some posteriorizing signals outside the dorsal mesoderm. Furthermore, Xepsin expression was suppressed in ectodermal explants conjugated with both LMZ and VMZ. This is consistent with a recent observation of nonneural ectoderm in Xenopus and zebrafish embryos, in which the presence of nonaxial posteriorizing signals was suggested simply from the expression patterns of the transcription factors GATA-2 and -3 (Read et al., 1998) . Read et al. reported that the expressions of GATA-2 and -3 are both patterned in a rostrocaudal gradient, with GATA-2 being further posterior than GATA-3 along the A-P axis in the nonneural ectoderm of early gastrula and neurula embryos. In dorsalized embryos, we did not detect any suppression in Xepsin expression. It is thought that lithium causes a conversion of all mesodermal tissue into dorsoanterior mesoderm (Kao and Elinson, 1988) . Thus, the above result was probably not due to the absence of posteriorizing signals in the dorsal mesoderm but was rather due to the lack of a posterior region in the mesoderm.
As shown in Fig. 5C , the suppression effect in the explant conjugated with LMZ was lower than that in the conjugates with VMZ. This may suggest that posteriorizing signals in the lateral region of the mesoderm are weaker than the ventral region. It may also be that some dorsally localized activating signals which, as mentioned above, would antagonize posteriorizing signals are synthesized in the conjugates with LMZ. The marginal zone explants used in this experiment consisted of both mesodermal and endodermal regions judging from the expression of the marker genes. It may be possible both germ layers are responsible for Xepsin suppression. However, the conjugates with LMZ or VMZ showed significantly stronger suppression effect compared with the endoderm conjugates (in Fig. 5C ), suggesting that the mesodermal tissues would play a major role in Xepsin suppression. The slight suppression in the conjugates with endoderm may be due to the induction of mesodermal tissues from animal cap cells. It has been reported that animal-vegetal conjugates from early gastrula (stage 10) embryos produced a small amount of mesenchyme (Dale et al., 1985) . In addition, the ventrolateral mesodermal marker Xvent-1 was expressed in the conjugates with endoderm but not in the endoderm cultured alone (Fig. 5B) .
Possible Factors Involved in the Posteriorization in the Epidermis
We have shown that both the treatment of isolated animal caps with retinoic acid and the overexpression of a constitutively active form of a retinoic acid receptor in embryos caused the suppression of Xepsin mRNA tran- scription, providing evidence that the endogenous factors, retinoids, may be involved in patterning the A-P axis in the epidermis. This is consistent with a previous report that the retinoic acid treatment of animal caps can induce the expression of Xgbx-2, a Xenopus hox gene expressed in both neural and epidermal ectoderms which has sharp expression borders along the A-P axis in both tissues (von Bubnoff et al., 1995) . In contrast, we did not observe a shift in the expression boundary of Xepsin mRNA in embryos injected with RNA encoding a dominant negative form of a retinoic acid receptor. This may be explained by a multiplicity of retinoic acid receptors or alternative posteriorization pathways. Two classes of retinoid receptors have been identified, RARs and the retinoid X receptors. Both are composed of several isoforms (reviewed in Mangelsdorf et al., 1994) . While we used mRNA encoding a dominant negative form of RAR␣1 (xRAR␣1 405 *), it is possible that the transcription of Xepsin mRNA is under the control of other types of receptors, the function of which cannot be blocked by xRAR␣1 405 *. It has been reported that dominant negative receptors constructed from different isoforms give rise to different effects on the neural tissues in Xenopus embryos (Kolm et al., 1997; van der Wees et al., 1998) . Alternatively, it is possible that other factors cooperate with retinoids to produce their caudal characters in the epidermis. Bang et al. (1997) reported that neither dominant inhibitory forms of FGF nor retinoic acid receptor alone block the posteriorizing activity necessary to induce Pax-3 expression in neuralized tissues, although both retinoic acid and bFGF can mimic the activity. In addition, Read et al. (1998) reported that both FGF and a Wnt family member contribute toward the final A-P pattern of GATA expression in nonneural ectoderm.
Comparison with the A-P Specification in the Neuroectoderm
As described above, our data support the presence of posteriorizing signals for epidermal ectoderms in the nonaxial regions. There are several supporting lines of evidence for such localization of these signals for neuroectoderms in studies of mouse, chick, fish, and Xenopus embryos (Ang and Rossant, 1994; Shih and Fraser, 1996; Woo and Fraser, 1997; Muhr et al., 1997; Band et al., 1997; Koshida et al., 1998; Gould et al., 1998) . In addition, the Xepsin expression pattern in dorsalized embryos suggests the absence of posteriorizing signals in the anterior dorsal mesoderm. This would agree with the localization of posteriorizing signals for neuroectoderms, which was proposed to be present in a graded manner with the highest levels in the posterior mesoderm (Nieuwkoop, 1952; reviewed in Slack and Tannahill, 1992 ). Our present data show the similarity in the sources of the posteriorizing signals in neural and epidermal tissues.
In respect to the A-P patterning of neural tissues, two modes of signaling have been suggested from studies on amphibian embryos (reviewed in Slack and Tannahill, 1992;  in Kessler and Melton, 1994) . In the traditional "vertical" mode, the involuting dorsal mesoderm transmits signals vertically on overlying ectoderm in such a way that the type of neural tissue reflects the A-P character of the inducing mesoderm, while in the "planar" mode, signals can spread horizontally through the ectoderm. The cooperation of planar and vertical signals has been suggested (Ruiz i Altaba, 1992); however, several lines of evidence from studies of exogastrulae (Kintner and Melton, 1987; Ruiz i Altaba, 1990 ,1992 and of equivalent in vitro explants (Keller and Danilchik, 1988; Dixon and Kintner, 1989; Doniach et al., 1992; Ruiz i Altaba, 1992; Papalopulu and Kintner, 1993) support the primary contribution of planar signals. Both vertical and planar signals should be considered possible for the A-P patterning in the epidermal ectoderm, since the ventral and lateral regions of the mesoderm also involute and underlie the prospective epidermal ectoderm. In our experiments using exogastrulae, the expression of Xepsin was observed only in region distal to the mesodermal/endodermal half, suggesting that the A-P patterning in the epidermal region can be achieved by planar signals, as in the neuroectoderm.
In this study, treatment with retinoic acid resulted in the concentration-dependent suppression of Xepsin expression within the range of concentrations comparable with those used in studies of neural tissues (Durston et al., 1989; Sive et al., 1990; Bang et al., 1997) . Our data also indicate that the transcription of Xepsin can be suppressed under the control of RAR␣1, similarly to several regional markers of neural tissues (Blumberg et al., 1997) .
In summary, our data support the possibility of a common mechanism which confers caudal characters on both neural and epidermal ectoderms in Xenopus embryos. We think that this notion is consistent with the previous observations of the two Xenopus hox genes, HoxD1 and Xgbx-2. These genes are expressed in both the neural and the epidermal ectoderm at similar positions along the A-P axis (Kolm and Sive, 1995; von Bubnoff et al., 1995) . This idea is also consistent with a recent finding on fish embryos that the boundary of the expression domain of neural markers induced ectopically in the ventral region is always at a latitude equivalent to that of the endogenous expression of the dorsal side of the embryo (Koshida et al., 1998) .
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